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Large Eddy Simulations of a Sooting Lifted Turbulent
Jet-Flame
C. Eberle ∗, P. Gerlinger †, M. Aigner ‡
Institute of Combustion Technology, German Aerospace Center DLR, Stuttgart, 70569, Germany
A sooting, turbulent jet flame is investigated numerically by large eddy simulations
(LES). The ethylene fueled flame has been characterized experimentally by various non-
intrusive high-speed laser diagnostic techniques yielding comprehensive validation data.
Combustion is described by finite-rate chemistry with an assumed probability density func-
tion (APDF) closure for sub grid scale chemistry-turbulence interaction. The evolution of
polycyclic aromatic hydrocarbons (PAHs) is modeled using a recently published sectional
model which considers PAH radicals and reversible PAH chemistry. A novel sectional soot
model is presented and investigated. This model provides detailed information about the
soot morphology by taking into account the evolution of fractal soot aggregates. The model
has been validated for laminar diffusion flames where excellent agreement to measurements
has been observed. This validated model has then be used for LES of a turbulent jet flame
and a very good agreement to measured velocity components, ethylene mole fractions, and
soot volume fractions has been found.
I. Introduction
During the last decades, accurate soot predictions in turbulent combustion have become a pressing
technological need, not only due to adverse effects of soot and soot precursors on health, environment and
climate 1,2, 3, 4, 5, 6 but also from an engineering point of view. This is because soot has a high radiative
emissivity and therefore contributes to locally elevated heat loads on combustion chamber walls.7,8, 9 Due to
the increasing availability of computational resources, computational fluid dynamics (CFD) is a promising
tool in the design process of combustion systems. CFD provides detailed, time-resolved information about
the three dimensional, reactive flow field and thereby complements experimental investigations which are in
many cases limited to exhaust gas analysis, since optical access to the flame is not realizable. Turbulent jet
flames are important for the development and validation of soot models for technically relevant combustion
systems since the impact of turbulence on soot evolution can be investigated at well defined boundary
conditions and simple geometries. While previous LES simulations of sooting jet flames mainly addressed
pilot stabilized10,11 and bluff-body stabilized flames,12 the focus of this work is a lifted flame.13 This is
because flames in technical combustion devices are lifted in many cases. As the prediction of the lift-off
height is challenging, a finite-rate combustion model, which provides a detailed description of chemical
kinetics, is used. Comprehensive validation data, including measurements of temperature, concentrations of
ethylene and polycyclic aromatic hydrocarbons (PAHs) as well as simultaneous measurements of the velocity
field and the soot volume fraction are available for the chosen test case.13,14,15
Previous Reynolds averaged Navier-Stokes simulations (RANS) of this flame13,16 showed a reasonable
overall agreement between simulation and experiment.13 These simulations however revealed the limitations
of RANS to accurately predict turbulent mixing phenomena as deviations between predicted and measured
soot volume fractions could partially be attributed to inaccurate predictions of turbulent mixing. Therefore,
large-eddy simulations (LES) are performed in the present work. The LES approach provides a rigorous
treatment of turbulent mixing phenomena by resolving turbulent scales. Another discrepancy between
simulation and experiment was that the previously published RANS simulation13,16 predicted an too early
∗PhD student, DLR - VT, Pfaffenwaldring 38-40, 70569 Stuttgart, Germany
†Professor, Institute of Combustion Technology for Aerospace Engineering, Universita¨t Stuttgart, Germany
‡Professor, DLR - VT, Pfaffenwaldring 38-40, 70569 Stuttgart, Germany
1 of 21
American Institute of Aeronautics and Astronautics
onset of soot formation. Furthermore, soot was oxidized too fast. These deviations can be explained by the
simplified treatment of soot precursor chemistry and by the assumption of spherical soot particles. Therefore,
the evolution of polycyclic aromatic hydrocarbons (PAHs) is modeled using an improved sectional model17
which considers PAH radicals and reversible PAH chemistry. Moreover, a novel sectional soot model is
presented and investigated. This model provides detailed information about the soot morphology by taking
into account the evolution of fractal soot aggregates. The model has been validated for laminar diffusion
flames where excellent agreement to measurements has been observed. All simulations use the DLR in-house
code THETA (turbulent heat release extension of the TAU code).
II. Methodology
II.A. Governing Equations of Turbulent Combustion
The filtered and modeled equations for conservation of mass and momentum read:
∂ρ
∂t
+
∂ρu˜i
∂xi
= 0 , (1)
∂ρu˜i
∂t
+
∂ρu˜iu˜j
∂xj
+
∂p∗
∂xi
− 2 ∂
∂xj
(
(µ+ µt)
(
S˜i,j − 1
3
S˜k,kδi,j
))
= ρgi , (2)
where the overbars φ and φ˜ denote Reynolds and Favre filtering. The Einstein summation convention is
applied here and in the following. ui is the velocity component in xi-direction, ρ the density, µ the molecular
viscosity, µt the turbulent viscosity, Si,j the strain tensor and gi the gravity constant in xi-direction. The
pseudo-pressure p∗ is defined as p∗ = p+ 23ρkδij , where p is the pressure, k the turbulent kinetic energy and
δij the Kronecker delta. Sub-grid scale fluctuations are modelled by the wall adaptive local eddy viscosity
model (WALE).18 The filtered and modeled transport equations of specific enthalpy h (h is defined as the
sum of thermal and chemical enthalpy: h =
∫ T
T0
cp dT +
∑
α ∆h
0
f,α, where ∆h
0
f,α is the standard enthalpy
of formation) and reactive scalars Yα (including mass fractions of gaseous species, PAHs and soot sections.)
read:
∂ρh˜
∂t
+
∂ρu˜ih˜
∂xi
− ∂
∂xi
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µt
Prt
)
∂h˜
∂xi
)
= ω˜h , (3)
∂ρY˜α
∂t
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∂ρu˜iY˜α
∂xi
− ∂
∂xi
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µ
Sc
+
µt
Sct
)
∂Y˜α
∂xi
)
= ω˜α , (4)
where λ is the thermal conductivity, cp the specific heat at constant pressure, Prt = 0.7 the turbulent Prandtl
number, and Sc and Sct = 0.7 the laminar and turbulent Schmidt number, respectively. Soot particles do
not engage in molecular diffusion. This is modelled by a infinitely large Schmidt number (1/Sc = 0) for soot
sections. For other reactive scalars Sc = 0.7 is assumed. The source terms ωh and ωα describe heat radiation
and consumption as well as production of reactive species due to chemical reactions, respectively.
II.B. Heat Radiation
Assuming an optically thin medium, the heat radiation source term reads:
ωh = −4 σS ρ T 4
∑
αrad
αrad (T ) Yαrad , (5)
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where σS is the Stefan-Boltzmann constant and the index αrad denotes the heat radiating species (soot,
CO2, and H2O) The emissivity coefficients are derived from the work of Mauss
19 and read:
CO2 =
46.241 1m R
p0 MCO2
exp
(−8.888× 10−4 T ) T , (6)
H2O =
22.6 1m R
p0 MH2O
exp
(−1.546× 10−3 T ) T , (7)
s =
−3.75× 105
ρs
+
1735
ρs
T . (8)
Because of disparate time scales of soot and thermo-chemical variables, statistical independence of soot mass
fraction and temperature can be assumed,20 leading to
ω˜h = −4 σS p
R
∑
αrad
(
Y˜αrad
∫
αrad(Tˆ ) Tˆ
3 P (Tˆ ) dTˆ
)
, (9)
for the filtered heat radiation source term, where P (Tˆ ) is a clipped Gaussian PDF. The radiation model was
validated in previous work .13,21,22
II.C. Chemical Source Term
The chemical source term ωα is described by a finite-rate combustion model where a separate transport
equation is solved for each reactive scalar α. With the general form of a chemical reaction r,
Nsp∑
α=1
ν′α,r α =
Nsp∑
α=1
ν′′α,r α , (10)
where ν are stoichiometric coefficients and Nsp the number of species, the compact notation of the chemical
source term ωα is written as:
ωα = Mα
Nr∑
r=1
(ν′′α,r − ν′α,r)
kf,r Nsp∏
β=1
C
O′β,r
β − kb,r
Nsp∏
β=1
C
O′′β,r
β
 . (11)
Mα is the molar mass of species α, Nr the number of reactions, and O the reaction order, respectively.
Cβ = ρYβ/Mβ is the concentration of species β. kf and kb are forward and backward rate coefficients
which are modeled by Arrhenius equations. All chemical reactions involving soot and PAHs are formulated
in Arrhenius form and are thus compatible to chemical reactions of gas phase species.21,22 Hence, the
transport equations stemming from the PAH and soot models are solved by the finite-rate chemistry solver
in the same way as the transport equations of gas phase species, thereby allowing a full coupling between
soot, PAHs and the thermo-chemical state of the gas phase. Feedback effects of soot and PAHs on the gas
phase such as consumption of gaseous soot precursors (predominantly acetylene, benzene and toluene) as
well as heat radiation are thus inherently captured accurately.
The chemical source term is filtered using an assumed probability density function approach (APDF).23,24
Assuming statistical independence of temperature and species fluctuations, the filtered chemical source term
reads:
ω˜α =
∫ ∫
ωα(Tˆ , Yˆ ) P (Tˆ ) P (Yˆ ) dTˆ dYˆ , (12)
where P (Tˆ ) is a clipped Gaussian PDF and P (Yˆ ) a multivariate β-PDF.23 The PDFs are parameterized
by first-order moments and two second-order moments (P (Tˆ ) by the temperature variance σT and P (Yˆ )
by the sum of species variances σY =
∑
α Y˜
′′
α
2). As an analytical integration of P (Yˆ ) is only possible for
elementary reactions, the concentration products of global reactions are directly evaluated on the filtered
variables. Our implementation of the APDF model was validated by Di Domenico25 who simulated well
characterized turbulent flames from the TNF workshop and in a later work26 confined, turbulent, premixed
flames. Ko¨hler et al.13 recently used the APDF approach for simulations of a turbulent sooting jet flame
and observed good agreement between measured and calculated temperature and OH distribution. Other
recent simulations of complex combustion configurations27,28,29,30 further demonstrate the applicability of
the APDF approach.
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Figure 1. Definition of the PAH, PAH∗, and soot sections.
II.D. Gas Phase Chemistry
The kinetics of gas phase species are modeled by a reaction mechanism which describes the formation of
hydrocarbons up to benzene and toluene. The mechanism includes 43 species and 304 elementary reactions
and has been validated for pyrolysis and combustion of small hydrocarbons, such as methane or ethylene
at atmospheric and high-pressure conditions .31 This mechanism has been obtained by reduction of the
detailed mechanism of Slavinskaya et al.32 and has successfully been used for soot predictions in previous
works.29,22,13
II.E. PAH Model
As shown in Fig. 1, PAHs are described by three logarithmically scaled sections. The minimum PAH mass
is set to 100 g/mol in order to cover all PAHs (Naphthalene being the smallest PAH has a molar mass of
128 g/mol). As the maximum PAH mass is assumed to be equal to the minimum soot mass (cf. Fig. 1),
the maximum PAH mass has to be chosen in a way to yield incipient soot particles of realistic size. At the
same time the maximum PAH mass should be as small as possible. This is because modelling uncertainties
may increase with increasing PAH size since, as will be shown in the following, chemical analogy to small
PAHs is assumed. In this context, it was decided to set the maximum PAH mass to 800 g/mol leading to an
incipient soot particle diameter of 1.28 nm which is in line with measured particle diameters.33 To describe
reversible PAH chemistry, a radical branch PAH∗i is assigned to each PAH section.
PAH chemistry is divided into four processes: PAH1 gas phase interaction, PAH dehydrogenation, acety-
lene (C2H2) addition, and PAH oxidation. The chemical kinetics describing these processes are defined in
analogy to small PAHs. Rate parameters are taken from a detailed reaction mechanism which describes the
kinetics of PAHs up to benzo(a)pyrene.34 PAH1 gas phase interaction describes the formation and consump-
tion of PAH1 and PAH
∗
1 by reactions with chemical species included in the gas phase mechanism (for instance
benzene or toluene). This is described by 25 reversible reactions for PAH1 gas phase interaction. An example
is the reaction C7H7 + CH2 = A1C2H3 + H, where styrene is replaced by (ν PAH0) and the stoichiometric
coefficient ν is calculated from conservation of mass. These reactions are taken from the work of Slavinskaya
et al.34 The full PAH1 gas phase interaction mechanism is given in previous work.
17 Dehydrogenation or
H-atom abstraction is the first step of the hydrogen-abstraction acetylene-addition (HACA) mechanism.35
In the present approach, dehydrogenation of PAHs by H-atoms, O-atoms, hydroxyl (OH), and unimolecular
decomposition is considered:
PAHi + OH = PAH
∗
i + H2O (13)
PAHi + H = PAH
∗
i + H2 (14)
PAHi + O = PAH
∗
i + OH (15)
PAH∗i + H = PAHi (16)
The second step of the HACA mechanism is C2H2 addition at a reactive site of a PAH radical:
PAH∗j + C2H2 → ν1PAHj + ν2PAHj+1 + ν3H , (17)
PAHj + H→ ν1PAH∗j−1 + ν2PAH∗j + ν3H2 + C2H2 . (18)
Following Pope an Howard,36 the stoichiometric coefficients νi are calculated depending on intra sectional
distribution functions and atom conservation. This is done in a way that both, mass and atoms are conserved
(more details are given in previous works22,17). This procedure is also applied in case of PAH oxidation and
PAH collisions. The reaction rate parameters for the C2H2 addition are obtained by assuming chemical
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analogy to the pyrene radical.34 In case of C2H2 addition to the last PAH section (j = 3 in Eq. (17), ν2
is set to zero and in this case Eq. (17) reads PAH∗3 + C2H2 → ν1PAH3 + ν3H. The collision source term is
given in general form by
ωi,j = 2.2 γi,j βi,j [BINi][BINj ] (19)
where 2.2 is the van der Waals enhancement factor and BINi is a place holder for either PAHi, PAH
∗
i or
SOOTi. The collision frequency βi,j is calculated using a formulation which applies for the entire Knudsen
number range.22,37 As will be discussed in the following, different efficiencies γi,j are used depending on
the type of collision process. Concerning PAH collisions, it is distinguished between a molecular growth
mechanism (where radical sites are required for reaction) and coagulation processes based on collision fre-
quencies from the kinetic theory of gases. The latter do not require radical sites, however low molecular mass
compounds have low collision efficiencies.38 Using a correlation developed by Saggese et al.,39 efficiencies in
the order of 10−3 were obtained for collisions involving PAH3. Due to these low efficiencies, it was decided
to consider PAH coagulation to be negligibly slow. This assumption has also been taken by Richter et al.40
and by Slavinskaya and Frank.32 PAH coagulation is however taken into account by some PAH models39,41
where PAH molecules larger then those in the present work are considered. Collisions between PAH radicals
and collisions between PAH radicals and PAH molecules read for i, j ∈ [1, 3] and k = max(i, j) in global
reaction formulation:
PAH∗i + PAH
∗
j → ν1PAHk + ν2PAHk+1 + ν3H2 , (20)
PAH∗i + PAHj → ν1PAHk + ν2PAHk+1 + ν3H2 + H . (21)
As in,42 γi,j = 1 is assumed. The products of reactions (20) and (21) are PAH molecules and molecular
hydrogen is added on the product side to enable atom conservation at a size-dependent H/C ratio. The
H-atom in reaction (21) ensures conservation of reactive sites. Stoichiometric coefficients are calculated in
a way that both, mass and atoms are conserved. Soot nucleation is modeled as a special case of reactions
(20) and (21), namely by collisions involving PAH3 or PAH
∗
3 as reactant. In these cases PAHj+1 is replaced
by SOOT1 and the reactions read for 1 ≤ i ≤ 3
PAH∗i + PAH
∗
3 → ν1PAH3 + ν2SOOT1 + ν3H2 (22)
PAH∗i + PAH3 → ν1PAH3 + ν2SOOT1 + ν3H2 + H (23)
The condensation of PAHi or PAH
∗
i onto soot particles is given by
PAHi + SOOTj → ν1SOOTj + ν2SOOTj+1 + ν3H2 , (24)
PAH∗i + SOOTj → ν1SOOTj + ν2SOOTj+1 + ν3H2 + H , (25)
where 1 ≤ i ≤ 3 and 1 ≤ j ≤ 24. Based on previous studies,22 γi,j = 0.3 is used for PAH condensation.
II.F. Soot Model
II.F.1. Thermodynamic Properties of Soot
In this work, the thermodynamic properties of soot are determined using the methodology developed by
Blacha et al.,22 which is briefly summarized here. A constant soot density of ρs = 1800 kg/m
343,40 is
assumed. The hydrogen to carbon (H/C) ratio of soot decreases with increasing particle mass. In this work
the correlation of Blacha et al.22
H/C = 0.4405 M−0.10524 (26)
is used which is based on data from Richter et al.40
II.F.2. Description of the soot morphology
In the present work, the soot size distribution is described by a sectional approach. In sectional approaches,
the number of soot sections is governed by the minimum and the maximum soot mass, and by the scaling
factor between the masses of subsequent sections
xM = Mi+i/Mi (27)
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Corresponding to the geometric constraint of Gelbard and Seinfeld44 (xM ≥ 2), xM = 2 has been chosen.
While the minimum soot mass is equal to the maximum PAH mass (see section II.E and Fig. 1), the maximum
soot mass must be chosen large enough to fully resolve the particle size distribution. The number of soot
sections required to resolve the PSD depends thus on the test case. In the present work, 30 sections have
been chosen, which has been found to be sufficient even for the heavily sooting diffusion flames considered in
this work. A soot section represents a mono disperse soot aggregat (all primary particles within one aggregat
have the same diameter) with an average molar mass Mi, a number of primary particles per aggregate np,i
and a primary particle diameter dp,i which is given by
dp,i =
3
√
6Mi
Na pi ρs np,i
(28)
With the definition of the aggregation factor χagg ∈ [1, xM ] the properties of section i + 1 are given as a
function of the known properties of section i
dp,i+1 = 3
√
xM
χagg
dp,i (29)
np,i+1 = χagg np,i (30)
The boundary values χagg = 1 and χagg = xM represent purely coalescent growth (np,i = const.) and
pure aggregate formation (dp,i = const.) while 1 < χagg < xM is a super position of both processes.
The transition from primary soot particles to soot aggregates is defined by a critical diameter dcrit where
aggregates formation starts at dp,i ≥ dcrit. In this work, dcrit = 14 nm has been chosen. This is line to
literature values which are in the range of 10 nm to 40 nm.39,45,46,47 The influence of χagg on primary
particle diameters and soot surface ratios (surface of a fractal soot aggregate divided by the surface of a
spherical particle with equal mass) is shown in Fig 2. The assumption of spherical soot particles leads to
unphysically large particles with diameters exceeding 200 nm. In case of χagg = 2.0 no particles with dp,i >
dcrit can exist. By using a value of χagg = 1.5, realistic primary particle diameters are obtained, however.
In particular for large soot sections, χagg has a strong influence on the soot surface (np,i pi d
2
p,i) as the
surface of a fractal soot aggregate can be one order of magnitude larger than the surface of a spherical soot
particle with the same mass. As will be discussed in the subsequent section, reaction rates of soot surface
chemistry scale with the soot surface. Soot surface growth by C2H2 addition and soot oxidation are thus
directly influenced by χagg and careful model validation is required. It will be shown in section III, that
using dcrit = 14 nm and subsequent aggregat formation with χagg = 1.5 leads to very good predictions of the
soot morphology in a series of laminar diffusion flames. In particular, significant improvements compared to
χagg = 1 and χagg = xM simulations have been obtained.
Due to their chain-like structure, the collision properties of soot aggregates differ from those of spherical
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Figure 2. Primary particle diameters dp,i and soot surface ratios (surface of the corresponding fractal soot aggregate
divided by the surface of a spherical particle with equal mass).
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Table 1. Per-site coefficients of soot surface chemistry from the work of Appel et al.50 Reaction rates are in Arrhenius
form: k = k0T
α exp (−T/Ta). Units are mol, cm, s, and K.
Soot surface chemistry k0 α Ta
SOOT + C2H2 → products 8.0E+7 1.56 1912
SOOT + O2 → products 2.2E+12 0 3774
particles with equal mass. The morphology of soot aggregates is in statistical average given by 48
np,i = kg
(
2Rgyr,i
dp,i
)Df
(31)
Assuming the collision diameter dc,i to be equal to the outer aggregat diameter, dc,i is given as a function
of the radius of gyration Rgyr,i (which is known from Eq. (31)) by
48
dc,i =
√
Df + 2
Df
2Rgyr,i (32)
Depending on the fractal dimension Df , Eq. (32) applies for different aggregat shapes (for instance Df = 1
for chains, Df = 2 for disks and Df = 3 for spheres
48). Universal values for the fractal dimension (Df =
1.7 ± 0.15) and the fractal prefactor (kg = 2.4 ± 0.4) of soot aggregates with 24 nm ≤ dp,i ≤ 52 nm and
2 ≤ np,i ≤ 104 were obtained by measurements from Ko¨lyu¨ et al.48 In this work, Df and kg are calculated
using a interpolation scheme developed by Rosner und Pyyko¨nen49 which correctly describes the asymptotic
behaviour of Df and kg for np,i → 1.
II.F.3. Soot Surface Chemistry
Chemical processes on the soot surface are PAH condensation (which has been discussed in section II.E),
C2H2 addition and oxidation by O2 and OH. Acetylene addition and oxidation by molecular oxygen are
complex chemical processes which require active surface sites. The source terms of these reactions read
ωC2H2,i = kC2H2 α χ
∗ np,i pi d2p,i [SOOTi] [C2H2] (33)
ωO2 ox.,i = kO2 α χ
∗ np,i pi d2p,i [SOOTi] [O2] (34)
where kC2H2 and kO2 are per-site rate coefficients which are defined in analogy to small aromatics. In this
work the rate coefficients proposed by Appel et al.50 are used (see table 1). The number density of reactive
surface sites χ∗ is modeled as
χ∗ = rχ χC-H (35)
where χC-H is the number density of arm-chair sites. Frenklach and Wang
51 argued that there is one arm chair
site per 1.23 × 3.51 A˚2 (1.23 A˚ is the half width of a aromatic ring and 3.51 A˚ the distance of two PAH layers
in soot). This results in χC-H = 2.32×1019 m−2. Following the work of Frenklach and Wang,51 rχ is often
estimated by quasi steady state expressions. In later works however it was observed this can introduce high
modeling uncertainties.52,53 Therefore, as in other soot models for turbulent combustion,22,10 a constant
rχ is used in this work. By calibration, rχ = 2.5×10−3 was obtained, which is in line with typical values
10−4 ≤ rχ ≤ 10−2 .54,55
As the reactivity of the soot surface may differ from the reactivity of small aromatics, a parameter α
has been introduced51 to describe the ratio of surface sites which are available for chemical reaction. Since
it was not possible to derive a universal constant for α,51 functional forms have been developed where α is
a function of the temperature56 or the first size moment of the soot particle size distribution.50 In recent
works, the aging of the soot surface was described by correlating α to a thermal age Tα,
57 which has been
calculated by Lagrangian scheme. In this work, α is modelled by
α(T ) =
(
1800K
T
)40
exp
{
40
(
1− 1800K
T
)}
(36)
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Table 2. Boundary conditions of the laminar atmospheric diffusion flames considered in this work
Case uC2H4 uco-flow
Flame 2 3.98 cm/s 8.9 cm/s
Flame 4 5.05 cm/s 13.3 cm/s
This function has range of values 0 < α ≤ 1 and a global maximum at α(1800K) = 1. The decrease of α
towards low temperatures models a decreasing radical concentration and thus a lower rχ. The decrease of α
towards higher temperature takes into account the graphitization of the soot surface.57
As the OH radical is highly reactive, soot oxidation by OH does not require reactive sites and is modeled
by the kinetic theory assuming the activation energy to be negligibly small
ωOH-ox = γOH-ox np,i Na σOH-ox
√
8 kB T
pi µOH-ox︸ ︷︷ ︸
βOH-ox
exp
{
Ta
T
}
︸ ︷︷ ︸
≈1 (Ta ≈ 0)
[SOOTi] [OH] (37)
Many works follow Neoh et al.58 who proposed a constant collision efficiency γOH-ox = 0.13. In a later work,
Haudiquert et al.59 performed measurements in a high temperature ethylene flame and found a decreasing
efficiency for high temperatures (T > 2000 K). Liu et al.60 used γOH-ox = 0.2 multiplied by an empirical
function with lead to a decreasing γOH-ox towards low temperatures. This was found to be necessary to
correctly predict the smoking tendency of laminar diffusion flames.61 Kennedy et al.62 developed a functional
form for γOH-ox as a function of a nondimensional nozzle distance. In this work the findings of Haudiquert
et al.59 and Liu et al.60 are combined and γOH-ox is modelled similar to Eq. 36 by:
γOH-ox(T ) =
(
1800K
T
)70
exp
{
70
(
1− 1800K
T
)}
(38)
III. Laminar Flames
A frequently chosen test case for the validation of soot models and in particular soot oxidation models
are the laminar atmospheric ethylene diffusion flames of Santoro et al.61 These flames are stabilized on a
burner with an an 11.1 mm inner diameter fuel nozzle surrounded by a 101.6 mm outer air passage. The
flames are confined by a 405 mm brass cylinder. In this set of flames, a variation of fuel and coflow mass flow
rates was performed (see table 2) to obtain a transition from a non-smoking flame (Flame 2) to a smoking
flame (Flame 4). The inflow conditions of flames 2 and 4 are summarized in table 2. The flames are target
flames of the international sooting flame (ISF) workshop (ISF-3 Co-flow 1) and they have been investigated
in numerous experimental61,63,62 and numerical studies60,22,64 (this list of references and the following
discussion are considered to be a brief overview and might hence be incomprehensive). Santoro et al.61
performed scattering and extinction measurements of soot volume fractions and in a later work,63 thermo-
couple measurements of the temperature. Mole fractions of C2H2 and OH have been measured in flame 2 by
Kennedy et al.62 using MS/GC and LIF. Megarids and Dobbins65 obtained primary particle diameters and
number densities by electron microscop analysis of sampled soot aggregates. Further experimental studies
of the soot morphology were reported in later works by Puri et al.,66 Ko¨ylu¨ et al.,67 and Iyer et al.68
For the validation of soot models, it is important that temperatures, soot precursor species, and soot
oxidants are accurately predicted. To this end, Fig. 3 shows predicted and measured62 radial profiles of OH
and C2H2 mole fractions in flame 2. Overall, the agreement between simulation and experiment is excellent.
A comparison of measured63 and predicted temperatures is shown in Fig. 4. Notable differences between
simulation and experiment are found only at the most upstream position close to the flame axis. In the other
regions, the agreement between simulation and experiment is very good.
Predicted and measured61 profiles of the soot volume fraction fv along the streakline exhibiting the
maximum fv are shown in Fig. 5. Using an aggregation factor χagg = 1.5, the model developed in the present
work agrees well to the measurements in both flames. In particular the transition from the non-smoking
(flame 2) to the smoking regime (flame 4) where significant amounts soot are not oxidized is predicted. The
assumption of spherical soot particles (χagg = 1.0) leads to a smaller soot surface and consequently lower
soot surface growth and oxidation rates. This yields as shown in Fig. 5 an underprediction of the peak
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Figure 3. Radial profiles of predicted and measured62 C2H2 and OH mole fractions in a laminar diffusion flame of
ethylene 61 at different heights above the burner.
Table 3. Boundary conditions of the laminar atmospheric partially premixed flames considered in this work
φ YC2H4 YN2 YO2 ujet uco-flow
∞ 1.0 0.0 0.0 3.98 cm/s 8.9 cm/s
10 0.405 0.456 0.139 9.58 cm/s 8.9 cm/s
5 0.254 0.572 0.174 15.7 cm/s 8.9 cm/s
soot volume fraction in both flames. Also, both flames are smoking in this case because oxidation rates
are too low. With χagg = 2.0 on the other hand, the soot surface and consequently the soot growth and
oxidation rates are very high. The soot volume fraction is thus significantly overpredicted and both flames
are non-smoking. The comparison of predicted and measured mean primary particle diameters dp, particle
number densities and number of particles per aggregate in Figs. 6 and 7 shows a consistent pattern. The
assumption of spherical soot particles leads too few particles with too large diameters, while the opposite is
true for χagg = 2.0. With χagg = 1.5 however, the soot morphology is accurately predicted.
The influence of partial pre-mixing on soot distributions was investigated by Arana et al.69 who performed
measurements of soot volume fractions and temperatures in partially premixed flames. The flames were
operated on the Santoro burner61 and the premixing ratio has been varied between φ = ∞ (non-premixed)
and φ =5, where the φ = ∞ case corresponds to Santoro’s flame 2. Inflow conditions of these atmospheric
ethylene flames, which are considered ISF target flames (ISF3 Co-Flow 2), are given in table 3. Axial profiles
of measured and predicted temperatures and radially integrated soot volume fractions are shown in Fig. 8.
The agreement between simulation and experiment is very good and the model predicts the influence of φ
on temperature and soot distributions correctly.
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Figure 4. Predicted and measured63 temperatures in a laminar diffusion flame of ethylene 61 at different heights above
the burner.
IV. Turbulent Sooting Jet Flame
IV.A. Test Case Description
The turbulent ethylene flame addressed in the present work has been investigated experimentally by Ko¨hler
et al.14,15,13 and is a target flame of the International Sooting Flame (ISF) workshop. The burner consists
of a nozzle with an inner diameter of 2 mm. Co-annular dry air flows through a convergent outer nozzle.
The bulk jet velocity is 44 m/s yielding a nozzle diameter based Reynolds number of 10000. The co-flow
velocity is 0.29 m/s. The lift-off height amounts to 26 mm and the visible flame length to 400-500 mm.
Comprehensive validation data is available, including temperature measurements by CARS and qualitative
measurements of OH and PAHs using LIF. The mixing in the pre-flame region was characterized by Raman
scattering. Velocities and soot volume fractions were measured by simultaneous high-speed PIV and LII.
IV.B. Numerical Setup
The simulations have been performed with the DLR in-house code THETA. THETA is a parallelized, un-
structured finite-volume solver for gas turbine related combustion problems. Pressure velocity coupling is
realized by a projection method.70,71 Second order accurate discretization schemes are applied in space and
time. The three-dimensional computational domain is discretized by 3.4 million hexahedral volumes. The
time step width amounts to 0.5 µs and the physical sampling time to approximately 88 ms. The simulation
has been executed on 560 cores (Sandy Bridge-EP Xeon E5-2680 8C processors) in parallel requiring a total
of 6×105 core hours.
For LES, an unsteady velocity distribution which features the statistics and spatio-temporal correlations
of a turbulent flow is required as inflow condition. This velocity signal has been obtained by a wall-resolving
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Figure 5. Predicted and measured61 profiles of the soot volume fraction fv along the streakline exhibiting the maximum
fv.
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Figure 6. Predicted and measured65 profiles of the mean primary particle diameter along the streakline exhibiting the
maximum fv.
LES of a periodic pipe flow. A very fine grid with 11 million volumes was used yielding a wall resolution y+ <
1.0 and a almost uniform grid spacing. The pressure difference in axial direction has been calculated using
a correlation for fully-developed, turbulent pipe flow.72 Radial profiles of the mean axial velocity are given
in Fig. 9 showing an excellent agreement between LES and DNS results from Eggels et al.73 Time-resolved
velocity data was extracted from this pipe flow LES and used as unsteady inflow condition of the turbulent
flame simulation.
IV.C. Instantaneous Flame Structure
Figure 10 shows representative, instantaneous LES results. The axial velocity distribution reveals a high
disparity of turbulent time scales which results from the interaction of the high-velocity fuel jet with the
slow co-flowing air. This is particularly challenging for time resolved simulations, since small time steps
are required for reasons of accuracy and numerical stability and on the other hand long simulation times
are needed to obtain converged statistics. The shape of the wrinkled flame front, which is indicated by the
OH mass fraction, compares well to measurements.13 In agreement to the experimental data from Ko¨hler
et al.,13 soot formation starts in fuel rich regions at about 50 mm above the burner. The soot structures
are enveloped by the wrinkled flame front and overlapping between soot and OH is minor due to the high
oxidative potential of OH.
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Figure 8. Axial profiles of predicted and measured69 soot volume fractions (left panel) and temperatures (right panes)
in a laminar partially premixes flames at different equivalence ratios.
IV.D. Flame Statistics
Figure 11 shows a comparison of predicted and measured ethylene mole fractions in the pre-flame region.
Time-averages are shown on the left and rms values on the right. Excellent agreement between simulation
and experiment is observed at all axial positions shown. Note that ethylene measurements could not be
conducted within the flame.13 Figure 12 shows radial profiles of predicted and measured13 axial velocities.
At the axial position x = 30 mm, the agreement between simulation and experiment is very good. Further
downstream the LES shows a higher jet spreading rate than the experiment. At the most downstream
position, LES and experiment are in good agreement. Axial profiles of mean and rms temperatures are
shown in Fig. 13. The simulation results show some scatter at x > 300 mm. This is due to unsteady motions
which occur at very large time and length scales. In this region, significantly more sampling time would be
required to obtain fully converged statistics. This is beyond the scope of this paper, however. Nevertheless,
a very good agreement between simulation and experiment is observed. This applies also for the radial
profiles shown in Fig. 14. Further temperature measurements which resolve the rms peaks in regions of high
temperature gradients would be most welcome.
IV.E. Distribution of Soot and PAHs
Figure 15 shows predicted and measured axial profiles of of PAH1 mass fractions and soot volume fractions.
Note that the experimental PAH data is qualitative and was scaled to match the maximum calculated PAH1
mass fraction. The LES predicts PAH1 to peak earlier than the experiment. The agreement is however
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Figure 9. Radial profiles of the calculated mean axial velocity in wall units. The DNS data is taken from Eggels et
al.73.
considered good given the high complexity. An excellent agreement of predicted and measured fv profiles
is observed. A comparison of simulation and experiment in terms of radial fv profiles is shown 16. At the
most upstream position, the simulation shows some asymmetrie. This is, as discussed above, because the
statistics are not fully converged. The measured profiles appear to be somewhat wider than the predicted
ones. Regarding the peak soot volume fractions, simulation and experiment agree very well at all positions
shown.
V. Conclusion
A novel sectional soot model has been developed and coupled to a recently published PAH model.
The soot model considers the formation of fractal soot aggregates using an efficient uni-sectional approach.
Excellent agreement to experimental data has been obtained in a series of laminar non-premixed and partially
premixed flames. The formation of fractal soot aggregates and the corresponding change of soot surface area
have been found to strongly influence the smoking behaviour of these flames. The results indicate that fractal
aggregates are required to correctly predict the soot morphology at heavily sooting combustion conditions.
The validated soot model was then used for large eddy simulations of a turbulent sooting jet flame. Overall,
a very good agreement to measurements was observed. In particular, measured and predicted soot volume
fractions agree very well. A more detailed evaluation of LES results is envisaged in future works.
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Figure 10. Instantaneous LES results for axial velocity, soot volume fraction, and OH mass fraction
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Figure 11. Radial profiles of time-averaged (left column) and rms (right column) ethylene mole fractions at selected
downstream positions. Lines are LES results and points measurements from Ko¨hler et al.13
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Figure 14. Radial profiles of time-averaged (left column) and rms (right column) temperatures at selected downstream
positions. Lines are LES results and points measurements from Ko¨hler et al.13
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